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Abstract. Since launch in February 1996 the Polar satel-
lite has made numerous traversals of the high latitude day-
side magnetosphere. These traversals have covered the high
altitude regions of the low latitude boundary layer (LLBL),
cusp, cleft, mantle and polar cap. Often, as the Polar satel-
lite traverses the high latitude dayside magnetosphere it
leaves the soft precipitation region of the cusp or cleft and
enters into the mantle plasma. There, the angular distribu-
tion of 1 to 10 keV ions changes character from a con-
vecting near isotropic one to convecting predominantly
perpendicular ions that are weakly upflowing. Sometimes
the predominantly perpendicular fluxes of ions are observed
throughout the cusp, cleft, and mantle. These ‘trapped’ ion
signatures are relatively common and the energy of the
‘trapped’ ions is generally < 10 keV. The energy of the
most poleward ‘trapped’ population generally decreases
with increasing latitude as is expected for the mantle
plasma. The angular distributions of the downward going
< 10 keV ions have large ‘loss cones’ indicative of a rela-
tively weak mirror geometry in the magnetic field at high
altitudes. The mantle ion fluxes observed on Polar show
much the same flows, distributions, and spatial characteris-
tics as those observed on HEOS [Rosenbauer et al., 1975].
The composition of the ions at > 1 keV/q is predominantly
solar wind as expected.

1. Introduction

The cusp is generally considered to be populated by
magnetosheath plasma of solar wind origin, on open mag-
netic field lines. The low energy cusp ions are observed to
extend poleward of the higher energy ions giving rise to an
energy dispersion signature on standard energy-time spec-
trograms [Rosenbauer et al., 1975; Reiff, et al., 1977;
Lockwood et al., 1996]. This dispersion is a result of the
ion time-of-flight effects on poleward convecting flux
tubes. The low energy ions take longer to reach their mir-
ror points from their high altitude entry point in the cusp
than do the higher energy ions and thus they are convected

further poleward during their transit. Thus, a satellite cross-
ing from low to high latitudes through the cusp in the
noon-midnight meridian observes a decrease with time
(latitude) in the maximum energy of the ions. Separately,
there may exist a relative magnetic intensity maximum
along the particle’s trajectory between its entry point and
its mirror point. Such maxima may be sufficient to reflect
a fraction of the upward moving component of the ion dis-
tribution back to lower altitudes, subsequently trapping
some of the ions between two mirror points of a magnetic
"bottle". For example, ions with a local pitch angle ~90° at
the Polar satellite altitudes may form a temporarily trapped
population if a local field minimum exists at Polar alti-
tudes. A signature of such trapping would be the formation
of ion pitch angle distributions with relatively large "loss
cones" and peak flux intensities near 90° pitch angle. Such
angular distributions can also form as a consequence of the
reconnection process by which the ions are injected along
cusp field lines that are also rapidly convecting poleward.
The combination of a strong convection velocity and the
initial field aligned earthward ion velocity converts, via the
mirror force, to a nearly perpendicular ion flux at high po-
lar latitudes with a poleward velocity component at Polar
altitudes. These ions would also show a dominantly upward
flow well poleward of the cusp/LLBL boundary (Lockwood
et al. 1996). These signatures and the ion composition are
used to identify the mantle population. In addition, we ex-
amined the low energy electron population which is not
discussed here.

2. Instrumentation

For this study we used particle measurements from
multiple instruments from the Polar satellite to look for
the mantle ion signatures. Polar is in an approximately 2 ×
9 RE orbit at ~86° inclination with an orbital period of ~18
hours. We used data from the MICS (Magnetospheric Ion
Composition Sensor) which measures ion fluxes in the
energy range 1 - 400 keV/q and provides both ion mass
and charge state identification [Wilken, et al., 1990]. The



MICS sensor is mounted with its field of view perpendicu-
lar to the Polar spin axis. Its pitch angle coverage is com-
plete only when the angle between B and the spin axis is
90°, otherwise MICS cannot view along the magnetic field
direction. We used data from the TIMAS sensor [Shelley et
al., 1995], which covers essentially 4π ster and measures
the ion composition below 30 keV/q, to examine the rela-
tionship between the bulk plasma parameters and the
MICS observations for one case. We also used data from
the Hydra [Scudder et al., 1995] plasma experiment to help
identify the plasma regions.

3. Observations

The MICS composition measurements were used to
identify the cusp by looking for intense high charge state
ion fluxes corresponding to solar wind like charge states
with emphases on the <10 keV He++ and O≥2+ ions. Each
cusp traversal was then examined for the existence of >1
keV ions with the expected mantle signatures discussed
above. The data examined covered the period from March
10, 1996 through May 1997. Mantle ion signatures were
observed during ~70 traversals of the high latitude regions
in the neighborhood and poleward of the cusp during this
period. We present below two examples of cusp-mantle
traversals from May 14-15, 1997 and provide some pre-
liminary statistics on their occurrence in the Polar data set.
All the observations that will be discussed were taken in
the northern hemisphere at altitudes above ~ 5 RE.

3.1 May 15, 1997 mantle observations

The first example of a cusp and mantle traversal that
occurred on May 15, 1997. is presented in Figure 1 in
summary form. Fig. 1-[A] shows a total ion energy-time

spectrogram covering the energy range from 1-200 keV/q.
It also shows that Polar was exiting the dayside plasma
sheet near 10 MLT and entering the LLBL and cusp from
0755-0810 UT. Fig. 1-[B] and 1-[C] present the angular
distributions for 1-10 keV/q and >10 keV/q ions respec-
tively. Fig. 1-[C] shows that MICS observed normal
plasma sheet angular distributions with weak loss cones
prior to 0800 UT. Between 0805 UT and 0855 UT the
magnetic field was not perpendicular to the Polar spin axis
and MICS did not obtain complete pitch angle coverage.
After 0900 UT MICS did obtain complete angular distribu-

Figure 2 . Total ion energy flux distributions in velocity
space for the four time intervals 0930 (panel a), 0954 (panel
b), 1014 (panel c) and 1031 UT (panel d) respectively for May
15, 1997. These correspond to the four markers (a), (b), (c)
and (d) in Fig. 1. VY is positive poleward perpendicular to B
and VX is positive earthward parallel to B.

Figure 1. Energy-time and pitch angle spectrograms of ions on May 15, 1997 for 0730 - 1130 UT. Panel [A] shows the spin
averaged energy-time spectrogram from the MICS total ion or DCR channel. Panel [B] shows the 1-10 keV/q ion intensity in each
of 32 pitch angle bins for the data in panel [A]. Panel [C] shows the >10 keV/q ion pitch angle distributions . The pitch angle cov-
erage was not complete between 0806 UT and ~0850 UT, as is indicated by the dark patches in panels [B] and [C] near 0°, 180°, and
360°. The vertical solid and dashed lines indicate the initial transition to mantle fluxes, a sudden change in the ion density and the
transition from mantle to polar cap respectively (see text).



tions. What is clear in Fig. 1-[B] is that, as Polar traversed
the poleward edge of the cusp and moved toward the polar
cap, the 1-10 keV ion distributions were highly peaked
almost perpendicular to the local magnetic field with a
weaker secondary peak near 180° pitch angle. Between
~0950 and 1040 UT, there is little or no ion flux observed
beyond 90°±34° (or 270°±34°). Between 0830 UT and 0950
UT these highly peaked distributions appeared to "sit" on
top of a nearly isotropic component. The maximum energy
of the ions decreases (see Fig. 1-[A]) as Polar moved pole-
ward and the 1-10 keV/q ion intensity decreased. Polar fi-
nally exited the plasma mantle near 1040 UT.

Each of the vertical lines in Fig. 1 corresponds to a
significant change in the plasma, especially the angular
distributions and density. For example, the Timas ion den-
sities (not shown) exhibit dramatic drops near 0947 UT
(primarily in the He ions and higher energy H+) and 1039
UT (all ions and energies). During this May 15, 1997
cusp/mantle crossing the cusp ion fluxes are very intense
and very energetic. This event is one of the CEP (Cusp
Energetic Particle) events discussed by Chen et al. (1997;
1998) and Chang et al.(1988). We will not discuss this
aspect of the cusp/mantle traversal here and instead refer the
reader to the referenced papers .

As noted above, the angular distributions of the 1-10
keV/q ions in Fig. 1-[B] appear to be highly constrained to
pitch angles near 90° during the 0930 to 1040 UT interval.
This is shown more clearly in Figure 2 which presents ion
velocity space plots at four different times and Figure 3
where the ion pitch angle distributions, taken near 0954
UT, are plotted for several energies. The velocity space
plots show the strong confinement of the ions to near
VX~0 as indicated by their broad extent in VY but narrow
extent in VX. Initially there is a significant upflowing
component of the >1 keV/q ion energy flux (see Fig. 2a)
which slowly dies away (ref. Figs. 2b and 2c) until it is no

longer observable by 1020 UT (see Fig. 1-[B]). Fig. 2d
shows what the velocity space distribution looked like after
these upflowing field-aligned >1 keV/q ions disappeared.

Figure 3 shows detailed angular distributions of some
of the ions from Fig 2b and makes obvious the fact that
the bulk of the >1 keV/q ions are moving upward along the
field lines and tailward. This is demonstrated by the fact
that the intensity peaks in Fig. 3 are in the 90°-270° half
plane where 90° corresponds to the poleward direction per-
pendicular to B. The narrowness of the angular distribution
after 0950 UT indicates that the mirror ratio, the ratio of
the mirroring field intensity BM to the local magnetic field
intensity B for these particles with large pitch angles, is
low (BM/B ≤ 1.5).

The intensity difference between the ions with pitch
angles near 105° and those near 255° is a consequence of
the poleward convection (see Figure 4 below). Fig. 3 also
clearly shows a relative peak in the angular distributions
near 180° at the lowest energies. This upward going low
energy field aligned component disappears more quickly
with latitude than the near perpendicular component as
shown in Figs. 1 and 2. The real curiosity is the fact that
the relative peak near 180° exists. One would have expected
the peak ion intensities near 105° and 255° to monatomi-
cally decrease towards 180°.

Figure 4 shows the total ion phase space density per-
pendicular to B near 1015 UT (see Fig. 2c) for the >1
keV/q ions. The average drift velocity derived from this
distribution is <VY> ~ +22 km/sec, where +VY is tailward.
This can be compared with a simultaneous estimate made
using the <30 keV/q H+ measurements from Timas (not
shown) of <VY> ~ +24 km/sec. This is very good agree-
ment. Similarly, if the MICS data is used to estimate the
average ion velocity parallel to the magnetic field one ob-
tains <VX> ~ -300 km/sec which seems much too high.
The Timas estimate is <VX> ~ -30 km/sec. The negative
sign indicates the flow is anti-parallel to B. The large value
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Figure 3. Line plots of the mantle ion angular distributions
for ~0954 UT on May 15, 1997. These angular distributions
were taken at point (b) in Fig. 1 and correspond to panel (b) in
Fig. 2.

Figure 4 Phase space density perpendicular to the magnetic
field near the noon-midnight meridian. The average ion veloc-
ity derived from the data is ~ 22 km/sec poleward.



of <VX> obtained from the MICS data results because the
field aligned component of the MICS ion flux was at back-

ground while the anti-field aligned component was well
above background. The lower energy coverage of Timas
allows it to make a more accurate <VX> estimate.

Figure 6. HYDRA ion spectrogram for May 14, 1997. The inset diagrams show the phase space density in velocity space with a
velocity range of ±800 km/sec. +VX (parallel to B) is indicated by the arrows.

Figure 5. Like Fig. 1 but for May 14, 1997 (see text).



3.2 May 14, 1997 mantle observations

Our second example of a cusp and mantle traversal was
taken on May 14, 1997 and is summarized in Figure 5.
The format of Fig. 5 is identical to that of Fig. 1. Here one
sees that the cusp fluxes were observed in a narrow range of
latitudes near 1500 UT. Fig. 5-[C] shows that all energetic
ions (>10 keV/q) disappeared at the low latitude edge of the
cusp. Just prior to entering the cusp MICS observed bi-
directional field aligned beams near 1449-1500 UT. The 1-
10 keV/q ions in the cusp were flowing earthward near
1501-1506 UT. As Polar moved poleward of the cusp the
angular distributions became generally upflowing starting
near 1507 UT with little or no down-going flux near 1520
UT. The 1-10 keV/q ions were sporadic from 1530-1640
UT. From 1640-1755 UT mantle ion distributions were
observed except for a short interval near 1658 UT where a
burst of earthward flowing ions was observed. The earth-
ward burst may have been a temporary recontact with cusp
plasma. The mantle ion distributions were much like those
observed on May 15, 1997 in Fig. 2c and 2d.

The Polar/Hydra instrument (Scudder et al., 1995) ob-
served the plasma ions during the whole period from 1500-
1800 UT as shown in Figure 6. It is clear that what looked
like a disconnected mantle region in Fig. 5 was an artifact
of the MICS ~1 keV/q energy threshold. The 1530-1640
UT region where MICS saw very little flux of 1-10 keV/q
ions was a region of low intensity <1 keV/q ions. The
insets at the top of Fig. 6 are phase space density , f(v),
plots taken at the times indicated by the lines drawn to top
of the spectrogram. The arrow to the right in each inset
indicates the field line direction. Inset 1 shows f(v) in the
cusp proper where the ions are flowing earthward parallel to
B. Inset 3 shows the beginning of the upflowing mantle
plasma. These upward flowing mantle ions are also shown
in Insets 5 and 6 where there were essentially no ions in
the +VX direction. The MICS velocity space distributions
(not shown) are entirely consistent with those from Hydra.

3.3 Mixed cusp/mantle signatures

There were cusp/cleft crossings wherein the ion angu-
lar distributions were much like those of Figs. 2 and 3
interspersed with cusp distributions much like those of
Inset 1 in Fig. 6 throughout the traversal. One such exam-
ple was published in a study of the May 29, 1996 magnetic
cloud event by Grande et al. (1997). In that event (not
shown) the >1 keV/q ion angular distributions were much
like those of Fig. 2d and Fig. 3 even at energies >20 keV
as observed by the CEPPAD IPS energetic proton meas-
urements (ref. Fig. 4 of Grande et al., 1997). During the
May 29, 1996 event, as the magnetic field changed direc-
tion the ion angular distributions went back and forth from
convecting nearly field aligned distributions like those of
Inset 1 in Fig. 6 to convecting highly perpendicular distri-
butions like those of Fig. 2d. During the May 29, 1996
event there was NOT a slow decrease in the maximum ion
energy as the satellite moved poleward. This may have
resulted because the solar wind pressure was high and vari-
able and Polar was moving significantly in local time
(from pre- to post-noon) during the crossing.

3.4 Mantle statistics

The seasonal dependence of the Polar mantle plasma
observations by the MICS sensor are shown in Figure 7.
Essentially mantle ions were not observed by MICS during
the winter. Why is this? Basically, the Polar satellite was
not in the appropriate position to observe the mantle
plasma during the winter. The inset diagram at the top of
Fig. 7 describes the orbital geometry. Polar is in a dawn-
dusk orbit in the summer and winter periods and in the
noon-midnight plane in the spring and fall. The combina-
tion of Polar’s 86° inclination and the seasonal tilt angle of
the geomagnetic dipole relative to the earth-sun line com-
bines to put the polar satellite poleward of the mantle re-
gion during the winter but crossing the mantle region in
spring through fall.

Figure 8 shows where mantle plasma was observed in
MLT and Invariant Latitude. The individual line segments
delineate the trajectory of the Polar spacecraft during the
periods mantle ions were observed. The length of the lines
reflects the duration and latitudinal-local time extent of the
events. The majority of the mantle observations occurred
for 80° < Λ < 87° and they occurred within three hours of
the noon-midnight meridian. This is generally consistent

Figure 7 . Occurrence of mantle observations with time of
year as observed by MICS on Polar using > 1 keV/q ions.



with previous observations of the mantle (see discussion in
Haerendel, and Paschmann, 1982, Newell et al., 1991, and
Sandahl et al., 1997).

4. Discussion

The examples we have shown differentiate the plasma
mantle ions from the cusp or magnetosheath ions on the
basis of their angular distributions and also on their com-
position (not shown). The mantle ions are the magnetically
reflected cusp ions which flow anti-earthward while con-
vecting tailward. The cusp ions were observed to have a
dominantly earthward directed flow while they are being
convected tailward. These two signatures are very different
and allow easy distinction. All the mantle ion features ob-
served by the Polar MICS experiment are consistent with
those observed by the Hydra and Timas experiments on
Polar. They are also generally consistent with the observa-
tions of the plasma mantle by low altitude (Newell et al.,
1991) and high altitude (Rosenbauer et al., 1975; Sandahl
et al., 1997) satellites. As expected, these ions were ob-
served near the poleward edge of the cusp and into the tail
lobe and can persist at Polar for an hour or more.

We have shown the detailed velocity space distribu-
tions for only two cusp/mantle traversals. However, the
MICS spectrograms from over 70 such events show the
same general trends as seen in the MICS data on May 14,

and May 15, 1997. These features are, the nearly perpen-
dicular to B ion fluxes that are upflowing and that are gen-
erally observed at the poleward portion of the cusp and
more generally poleward of the cusp itself. The ions with
these angular distribution signatures most often have an
obviously lower density than do the cusp ions, as inferred
from the observed ion intensities over the MICS energy
range. The energy of the mantle ions rarely exceeds 10
keV, even during CEP (Chen et al, 1997; 1998 and Chang
et al., 1998) events and are usually constrained to < 5 keV.
In the future we will perform detailed examination of the
composition aspects of the mantle ions.
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